I. INTRODUCTION
Graphene, which has a zero energy gap between the highest occupied molecular orbit and the lowest unoccupied molecular orbit (HOMO-LUMO), offers a unique twodimensional (2-D) environment for fast electron transport and has potential applications in electronic devices. 1, 2 Among its various exciting characteristics, its superior electrical conductivity and mechanical properties make graphene an excellent electron-transport material for the photocatalysis process. It is expected that the hybridization of semiconductors with graphene would reduce the recombination of charge carriers and increase the separation efficiency. Thus, considerable research efforts have been put into preparing graphene decorated with metal nanoparticles or metal oxides to increase the efficiency of photocatalysis 3 and solar cells. 4 ZnO is an important wide-band-gap semiconductor that has a direct band-gap (3.37 eV) with a high exciton binding energy (60 meV), which is greater than the thermal energy at room temperature. It is a promising material for ultraviolet nano-optoelectronic devices and lasers operating at room temperature. 5 ZnO has also drawn great attention as a good electron acceptor and conducting layer. 6 The graphene and ZnO in a hybrid material can act in a cooperative way by increasing the migration efficiency of photoinduced electrons and effectively reducing recombination. 7, 8 Therefore, various routes have been used to synthesize ZnO-graphene nanocomposites such as plasma-enhanced chemical vapor deposition (PECVD), 9 metal-organic CVD (MOCVD), 10 solvothermal synthesis, 11 a sonication method, 12 and a microwave-assisted reaction method. 13 In addition, several works have been reported about ZnO-graphene nanocomposites that have been used as photovoltaic applications. [14] [15] [16] [17] Most of these techniques are complex, expensive, and time consuming. Among these different methods, the sol-gel method is very simple and inexpensive. In addition, it is very important to obtain a narrow size distribution for the final product and to be able to control the morphology of the NPs. These objectives can be achieved by using a suitable polymerization agent in the sol-gel process.
In the present work, a simple sol-gel method was used to synthesize ZnO nanoparticles with a narrow size distribution that was decorated on a graphene oxide (GO) sheet in a gelatin medium. Gelatin was used as a polymerization agent, and it served as a terminator for the growth of the ZnO-NPs because it expanded during the calcination process, which prevented the particles from coming together easily. The effects of the GO concentration and the presence of gelatin on the morphology and optical properties of the nanocomposite were also investigated. Finally, the photocurrent responses of the ZnO nanoparticles and ZnO/graphene nanocomposites were investigated. 
II. EXPERIMENTAL
First, GO was synthesized using Hummers' method. 18 Then, the ZnO NPs to be decorated on the sheets with different GO concentrations were synthesized using a simple sol-gel method in a gelatin medium, which was used as a polymerization agent. In this synthesis, analytical grade zinc nitrate hexahydrate Zn(NO 3 ) 2 .6H 2 O, gelatin (type B from bovine skin), and distilled water were used as the starting materials. All the materials used were purchased from Sigma-Aldrich. First, a gelatin solution was prepared by adding gelatin (1.25 g) to 50 ml of distilled water at 60 C. The zinc nitrate (4.46 g) was dissolved separately in a minimal amount of distilled water at room temperature, and solutions of GO with 0.9, 1.7, and 3.3 wt. %/v concentration were added to this zinc nitrate solution. Finally, the obtained solution was added to the gelatin solution. After this, the compound solutions were stirred and heated at 80 C until a gel with a dark brown color was obtained. The gel was calcined at 300
C for 1 h, at a heating rate of 2 C/min. Finally, a post-annealing process was performed for 2 h at 400 C under an Ar gas atmosphere to remove the gelatin material and obtain the final nanocomposite.
The resulting powders were characterized using several tools to check the quality. The crystal phase, morphology, and microstructure of the product were characterized using X-ray powder diffraction (XRD, a Philips X'pert system using CuKa radiation), transmission electron microscopy (TEM, Hitachi H-7100), and Fourier transform infrared spectrometry (FTIR, Perkin-Elmer System 2000 series spectrophotometer (USA) by the KBr method). The optical properties of the products were studied using UV-visible (Perikin-Elmer spectrometer) and room temperature photoluminescence (PL, Renishaw spectrometer with a 325-nm laser). In addition, the crystalline quality of the obtained product was characterized using a Raman spectrometer (Raman, Renishaw spectrometer with a 514-nm laser).
To prepare the working electrodes, ZnO nanoparticles and ZnO/GO nanocomposites with different GO concentrations were dispersed in a chitosan solution (0.5 wt. %/v) to form 10-mg/ml solutions and ultrasonicated for 5 min. Then, 0.1 ml of the colloidal solution was dropped onto a clean ITO surface (1 Â 1 cm 2 ) and allowed to dry overnight at room temperature. The photocurrent generation was measured between the working electrodes (prepared with ZnO nanoparticles and ZnO/GO nanocomposites) and a counter electrode (gold sputtered ITO glass). A drop of the electrolyte solution (propylene carbonate solution containing 0.03 mol/l I 2 and 0.3 mol/l KI) was introduced into the cell between the two electrodes using a syringe. The photocurrent intensities were measured using a potentiostat (Versastat 3 Applied Research Princeton, USA) with 0 V bias potential. A xenon lamp (with AM 1.5 G filter and 100 mW/cm 2 ) was employed as an excitation source.
III. RESULTS AND DISCUSSION
The XRD patterns of the obtained products are shown in Fig. 1 . The XRD pattern of GO indicates an intense and sharp diffraction peak at 2h ¼ 10. 6 , which is attributed to the (001) lattice plane corresponding to a d-spacing of 0.83 nm. This is consistent with the lamellar structure of GO.
In addition, Fig. 1 shows the XRD patterns of the ZnO/GO composites with low (RGO1), mid (RGO2), and high (RGO3) GO concentrations. All of the detectable peaks can be indexed to the ZnO wurtzite structure (Ref. code: 00-036-1451). As can be seen, there are no peaks from GO or other impurities in the XRD patterns of the ZnO/GO composites. This could be due to the transformation of GO to RGO, with the RGO peaks, which are shown in Fig. 1 , not appearing here because of the strong peak for the ZnO in the XRD patterns. However, the intensities of the XRD peaks decrease with an increase in the GO concentration. This could be because the amount of ZnO decreased in the composite, which resulted in a decrease in the XRD peak intensities. Figure 2 shows the FTIR spectra of the pristine GO, gelatin powder, and ZnO-NPs/RGO nanocomposites. In the FTIR spectrum for GO, the broad peak centered at 3190 cm À1 is attributed to the O-H stretching vibrations, and the peaks at 1731, 1625, 1183, and 1040 cm À1 are assigned to the C ¼ O stretching, sp 2 -hybridized C ¼ C group, O-H deformation, C-OH stretching, and C-O stretching, respectively. 18 In contrast, the peaks at 1731, 1183, and 1040 cm À1 are missing from the FTIR spectra of the ZnO-NPs/GO nanocomposites, which indicate the reduction of GO and its transformation into RGO. 11, 19 In addition, FTIR spectrum of gelatin powder is shown in Fig. 2 .
It can be seen that the gelatin's peaks are decreased dramatically in the FTIR spectra of the ZnO-NPs/RGO nanocomposites. In fact, the post-annealing processes at 400 C 
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not only caused the transformation of GO to RGO but also removed the gelatin, which is good agreement with the XRD results. In addition, the FTIR spectra of ZnO-NPs/RGO show a peak at 437 cm
À1
. The band at 437 cm À1 corresponds to the E 2 mode of hexagonal ZnO (Raman active). 20 Therefore, the obtained nanocomposite consisted of ZnO NPs decorated on an RGO sheet.
Figures 3(a)-3(c) show TEM images of the ZnO/RGO composites with different concentrations for the RGO sheets. The TEM images reveal that the ZnO NPs are decorated and dispersed on the RGO sheets. However, this dispersion is less for ZnO/RGO1 than for the other samples. Figure 3(c) shows that the ZnO population in ZnO/RGO3 is less than that in the other samples. This explains why the XRD peak intensities decreased with an increase in the GO concentration. In addition, the TEM images show an average particle size of approximately 19 6 2 nm for the NPs in all samples. ). On the other hand, the crystalline space of the ZnO/RGO2 nanocomposite is clear and shows a nondefective structure for the nanoparticle (Fig. 3(b  0 ) ). In fact, the HRTEM results are in good agreement with the XRD results. In addition, the HRTEM image of the ZnO/RGO2 nanocomposite shows that the lattice distance is approximately 0.26 nm (Fig. 3(b  0 ) ), which is consistent with the distance along the c-axis of a bulk wurtzite ZnO crystal. Therefore, based on the HRTEM image, the nanoparticles were grown along the [001] direction without any defects. Figure 4 shows TEM image of the ZnO/RGO2 nanocomposites with more details. As can be seen, the NPs were dispersed on the RGO sheet very well. In addition, it can be observed that most of the NPs have a hexagonal shape. To better understand the effects of the RGO sheets on the growth process for the ZnO NPs, ZnO NPs were synthesized without graphene at 400 and 500 C. The XRD patterns of these conditions are shown in Fig. 5 . It can be observed that the XRD pattern of the NPs that were sintered at 400 C indicates a low crystalline quality. On the other hand, the XRD pattern of the NPs that were sintered at 500 C indicates a good crystalline quality.
In addition, the TEM images for NPs sintered under these conditions confirm the XRD results (Fig. 6) . Furthermore, these TEM images show that the NPs were not very well dispersed without the RGO sheet. According to the obtained results, it can be concluded that the RGO sheets not only play a role as a dispersion site for the NPs but also play a role as a useful site to grow ZnO NPs. In fact, the RGO sheets could decrease the calcination temperature. The widely accepted mechanism for the synthesis of graphene decorated with inorganic nanostructures is the attraction of positively charged metal ions by the polarized bonds of the functional groups on the GO. The attachment of these metal ions to the surface and edges of the GO results in a redox reaction and the formation of nucleation sites, which eventually lead to the growth of nanostructures on the 2-D graphene sheets. 21 Optical studies were carried out using UV-vis and PL spectrometers. Figure 7(a) shows the UV-vis spectra of the pure ZnO NPs that were sintered at 400 C and the ZnO/ RGO nanocomposites with sheets having different RGO concentrations. The UV-vis spectra reveal a characteristic absorption peak for ZnO at a wavelength of 360 nm for all the samples, which can be assigned to the intrinsic band-gap absorption of ZnO, owing to the electron transitions from the valence band to the conduction band (O 2p ! Zn 3d ). 22 As can be seen, the peak position of the UV-vis spectrum of the ZnO NPs has not been affected by the graphene. However, it is observed that the absorbance of the ZnO/RGO nanocomposites increases in comparison to the absorbance of the ZnO NPs until an optimum concentration of graphene. Such an increase in absorbance may be due to the absorption contribution from RGO, the increase in the surface electric charge of the oxides, and the modification of the fundamental process of electron-hole pair formation during irradiation. 23 Therefore, the presence of RGO in ZnO can increase the light-absorption intensity and range, which is beneficial to the optoelectronic performance. However, increasing the graphene concentration beyond an optimum content could affect the crystalline quality of the ZnO NPs, which were decorated on the RGO, as a result of a decrease in the ZnO NPs population on Zn/RGO3 nanocomposites. Figure 7 (b) shows the PL spectra of the products. A significant difference can be seen between the PL spectrum of the pure ZnO NPs, which were grown at 400 C, and that of the ZnO/RGO nanocomposites. The PL spectrum of the pure ZnO NPs shows no detectable UV peak and a strong and broad peak in the visible region. The UV emission is also called the near-band-edge (NBE) emission because of the recombination of free excitons through an exciton-exciton collision process. It has been suggested that the green band emission (deep level emission (DLE)) corresponds to a singly ionized oxygen vacancy in ZnO and results from the 
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recombination of a photo-generated hole with the singly ionized charge state of this defect. Therefore, Fig. 7(b) shows that the ZnO NPs have very high concentrations of oxygen vacancies. However, the intensity of the UV peak is increased and that of the visible peak is decreased by increasing the graphene concentration. However, the UV/DLE ratio of the ZnO/ RGO2, which is one of the main factors that is usually used for comparing the optical properties of samples, is bigger than the UV/DLE ratios of the other nanocomposites. Therefore, the ZnO/RGO2 nanocomposites have a better relative crystalline quality. According to these results, it can be understood that the graphene concentration has an optimum value in relation to improving the optical quality of the ZnO NPs. In fact, the optical study results are in good agreement with the XRD and TEM results. Therefore, the ZnO/RGO2 nanocomposite is the best composite of ZnO and RGO for improving the crystalline and optical quality of the ZnO NPs, which were sintered at a lower temperature than is normally used to grow pure ZnO NPs by the sol-gel method in a gelatin medium. Fig. 8 shows the Raman spectrum of the ZnO/RGO2 nanocomposite. It is established that the graphene obtained by the chemical reduction of GO exhibits two characteristic main peaks: the D band at $1361 cm À1 arising from a breathing mode of j-point photons of A 1g symmetry and the G band at 1604 cm À1 arising from the first order scattering of the E 2g phonons of sp 2 C atoms. 24 In comparison to the pristine GO, the Raman spectra of the ZnO/RGO2 nanocomposite show that the D and G bands shifted to lower wave numbers at 1346 and 1593 cm À1 , respectively. This is because of the reduction process for the GO, which can be supported by gelatin as the reducing, capping, and stabilizing agent. 25 In addition to the peaks associated with the D and G bands of graphene, the Raman spectrum of the ZnO/RGO2 nanocomposite has one sharp peak at 437 cm À1 corresponding to the E 2 (high) mode of the Raman active mode, a characteristic peak for the wurtzite hexagonal phase of ZnO, which is in good agreement with the FTIR results. The Raman results confirmed that the ZnO/RGO2 nanocomposite was composed of graphene nanosheets and pure ZnO. Figure 9 shows the photocurrent responses of ZnO NPs and ZnO/RGO nanocomposites with different concentrations of GO. The photocurrent generation was increased by the introduction of graphene nanosheets. A plausible reason is that the photogenerated electrons on the conduction band of ZnO NPs are trapped by the graphene nanosheets, which prevents the photogenerated electrons and holes from recombining. 26 In addition, the photocurrent generation of the ZnO/ RGO nanocomposite increases with an increase in the concentration of RGO. In fact, the charge separation efficiency increases due to the electronic interaction between ZnO and RGO in the composite. However, a further increase in the RGO concentration leads to a decrease in the photocurrent generation. The reason is the same as that described in the sections on the XRD and PL studies. In fact, the decrease in the ZnO NP population due to an increase in the GO concentration causes a decrease in the photogenerated electrons and holes. Hence, the optimum concentration of GO is a very important factor that should be considered to generate a high current density. A comparison results between the present work and previous report show that efficiency of the photocurrent in the present work is 50% higher than the photocurrent efficiency of the ZnO/RGO nanocomposites that were synthesized by a simple chemical bath deposition, 27 but it is around 60% and 80% lower than other complex, expensive, and time-consuming techniques. 12, 28 However, the advantage of our method to obtain these results is its simplicity. In addition, the sol-gel method that has been used in this research is a cost effective method that is most important to synthesize this type of nanocomposites for different applications.
IV. CONCLUSION
ZnO/RGO nanocomposites with different concentrations of RGO were successfully grown using a sol-gel method. The XRD patterns and TEM images indicated that the RGO could increase the crystalline quality of the ZnO NPs that were decorated on the RGO sheets. In addition, a comparison between the growth processes for the ZnO NPs that were decorated on the RGO and pure ZnO NPs showed that the RGO could decrease the calcination temperature for the ZnO NP growth. In addition, the RGO could be a good site to disperse the ZnO NPs. Furthermore, the optical properties of the ZnO NPs were increased by the RGO. However, the results showed that there was an optimum RGO concentration for increasing the optical properties of the ZnO NPs. Finally, the photocurrent results for the obtained products showed that the RGO increased the current density of the ZnO NPs. However, this study also revealed that there was an optimum concentration for increasing the current density of the ZnO NPs.
